The phosphorylation of calcium/calmodulin-dependent protein kinase (CaMK) II, induced by an increase in the intracellular Ca 2+ concentration, is involved in the alteration of brain functions such as memory formation. In the present study, we examined the influence of various immobilization stress paradigms on the phosphorylation of CaMKII (phospho-CaMKII) and CaMKII levels in the rat hippocampus. Immunoblot and immunohistochemical analyses were performed to examine the levels of CaMKII and phospho-CaMKII. Real-time quantitative polymerase chain reaction (PCR) was performed to analyse the mRNA levels of N-methyl-D-aspartic acid (NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor subtypes. Acute (single) and repeated (4 d), but not chronic (14 d), stress exposure of 45 min or longer duration significantly increased phospho-CaMKII levels without affecting the levels of CaMKII. Pre-treatment with NBQX, a selective AMPA receptor antagonist, significantly prevented this stress-induced increase. In contrast, two NMDA receptor antagonists, LY235959 and MK-801, showed no inhibitory effect on phospho-CaMKII levels during acute stress. Neither acute nor chronic stress changed mRNA levels of NMDA and AMPA receptors. These results demonstrate that immobilization stress promotes the phosphorylation of CaMKII. The increase in the intracellular Ca
Introduction
Various stresses can alter brain function through the phosphorylation of neurotransmitter receptors as well as the expression of neuronal genes. It has been revealed that stress can regulate the levels of receptors coupled with second messengers, such as cAMP or calcium (Ca 2+ ), which are closely involved in the phosphorylation of protein kinases (Duman, 1995) . Numerous studies have demonstrated that immobilization stress increases the synaptic level of glutamate and the activation of its receptors (Bartanusz et al., 1995 ; Duman, 1995 ; Lowy et al., 1993 Lowy et al., , 1995 Schwendt and Jezova, 2000 ; Tocco et al., 1991) . Thus, immobilization stress may alter Ca 2+ -dependent signal transduction in the brain.
It is well known that one of the protein kinases, calcium/calmodulin-dependent protein kinase (CaMK) II, also plays an important role in synaptic plasticity, such as long-term potentiation (LTP) and long-term depression (LTD) (Bejar et al., 2002 ; Giese et al., 1998 ; Lisman et al., 2002 ; Lledo et al., 1995 ; Malenka, 1995 ; Malenka et al., 1989) involved in memory formation (Izquierdo and Medina, 1995 ; Silva et al., 1992) . Recently several studies have reported links between stress and phosphorylation of CaMKII (phosphoCaMKII) in regional changes in the hippocampus (Blank et al., 2002 (Blank et al., , 2003 Gerges et al., 2003) . However, influence of immobilization stress on CaMKII under various time paradigms has not been fully studied in the entire hippocampus. In addition, the mechanism by which stress affects the phosphorylation of CaMKII remains to be determined.
In the present study, we first examined whether various stress paradigms using immobilization affected the levels of CaMKII and phospho-CaMKII in the rat hippocampus. Secondly, we identified the signal transduction pathway involved in the up-regulation of phospho-CaMKII in response to a single immobilization stress.
Method

Animals
Male Sprague-Dawley rats weighing 250 g (Japan Charles River, Yokohama, Japan) were used in our studies. They were housed in groups of three per cage with food and water available ad libitum and kept on a 12 h : 12 h light-dark cycle (lights on at 08:00 hours). All experimental procedures were approved by the Hiroshima University Medical Science Animal Care Committee.
Immobilization stress
In the acute study, rats were subjected to a single immobilization stress for either 45 or 90 min and sacrificed immediately after the end of the stress session. In order to investigate whether rapid reversal of the stress-induced phosphorylation of CaMKII was observed, some rats under 90-min immobilization were returned to their home cages for 60 min after the stress session, and then decapitated. In the 4-d repeated immobilization stress, rats were subjected to 45-min immobilization stress per day for 4 consecutive days. They were sacrificed immediately after the end of the stress session on day 4. In the chronic study, rats were subjected to repeated immobilization stress exposure of 90 min duration per day for 14 consecutive days and sacrificed immediately after the end of the stress session on day 14. To investigate the influence of repeated stress on the basal level of phospho-CaMKII in the hippocampus, some rats under chronic stress were returned to their home cages for 24 h after immobilization on day 13, and then sacrificed on day 14. Each rat was immobilized by placing it inside a disposable clear polyethylene rodent restraint cone (Harvard Apparatus, South Natick, MA, USA) with only the tail protruding. The large end of the cone was closed with tape at the base of the tail. The bag size was adjusted according to the size of the rat in order to achieve complete immobilization. A hole in the small end of the cone allowed the rats to breathe freely.
Another group of rats (sham) was kept under nonstress conditions prior to sacrifice.
Drug treatment
Among a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) antagonists, NBQX, a selective and competitive AMPA receptor antagonist, has two advantages compared with CNQX. NBQX does not act as an N-methyl-D-aspartic acid (NMDA) antagonist (via the glycine site) and it shows greater central nervous system (CNS) activity when administered systemically (Smith et al., 1991) . CNQX does not effectively cross the blood-brain barrier (BBB) (Birder and de Groat, 1992 ; Fink-Jensen et al., 1992 ; Kakizaki et al., 1996 ; Yoshiyama et al., 1995) . In contrast, an anticonvulsant effect of NBQX occurred 15-60 min after administration in rats at the same dose as that used in the present study (Smith et al., 1991) . NBQX disodium salt (Tocris, Ellisville, MO, USA) was dissolved in distilled water (DW) and 11.95 mg/kg was intraperitoneally injected 20 min prior to immobilization. LY235959 (Tocris), a competitive NMDA receptor antagonist, was dissolved in DW and 2.5 or 5.0 mg/ kg was intraperitoneally injected 20 min before commencement of immobilization stress. Prior studies have shown that LY235959 can pass through the BBB and has a plasma half life of 1.6 h (Chartoff et al., 1999 ; Dahlem and Eckstein, 1992) .
(+)-MK-801 maleate (Tocris), a potent, selective and non-competitive NMDA receptor antagonist, was dissolved in DW and 0.5 mg/kg was intraperitoneally injected 20 min prior to immobilization. MK-801 can penetrate the BBB, and its peak plasma concentration and plasma half-life are 10-15 min and 1.6 h respectively (Hatfield et al., 1992) . Sham rats for NBQX, LY235959 and MK-801 treatment were injected with the same amount of DW and were kept under nonstress conditions. Nimodipine (Tocris), a central acting L-type Ca 2+ -channel blocker, was suspended in 1 % Tween-80 in saline and 2.5 or 5.0 mg/kg was intraperitoneally injected 45 min prior to immobilization, based on its duration of action (Taya et al., 2000) . Sham rats for nimodipine treatment were injected with the same amount of 1 % Tween-80 in saline and were kept under non-stress conditions.
Western blot
Following decapitation, the intact brain was quickly removed and transferred to an ice-cold artificial cerebrospinal fluid (aCSF) solution of the following composition : 5 mM KCl, 126 mM NaCl, 1.25 mM NaH 2 PO 4 , 10 mM D-glucose, 25 mM NaHCO 3 , 2 mM CaCl 2 , and 2 mM MgSO 4 , containing 10 mM sodium fluoride (NaF). We removed the whole hippocampus from the brain in aCSF containing NaF. The tissues were then quickly frozen at x80 xC. The entire hippocampus was homogenized on ice with a Polytron homogenizer at top speed (30 000 rpm) in homogenization buffer containing 20 mM Tris-HCl (pH 8.0), 2 mM EDTA, 2 mM EGTA, 10 mM sodium phosphate, 25 mg/ml soybean trypsin inhibitor, 10 mg/ml aprotinin, 5 mg/ml leupeptin, 2 mM DTT, 25 mM benzamidine, 25 mM NaF, 1 mM orthovanadate and 1 mM phenylmethylsulphonyl fluoride (in 100 % ethanol). The insoluble material was removed by centrifugation at 350 g at 4 xC for 5 min. Protein concentrations were determined with a Bio-Rad protein assay (Bio-Rad, Hercules, CA, USA). Equal amounts of protein (8.7-17.7 mg for the measurement of phospho-CaMKII, 0.87-1.78 mg for the measurement of a-CaMKII) for each group were separated on a 10 % SDS gel (ATTO, Tokyo, Japan) and transferred to a PVDF membrane (ATTO) using a semi-dry blotting apparatus (BioRad). The blots were blocked overnight at 4 xC with PVDF buffer [20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.2 % I-Block TM and 0.1 % Tween-20]. Then, the blots were incubated with anti-ACTIVE CaMKII pAb, (pT 286 ) (1 : 1000) (Promega, Madison, WI, USA) in PVDF buffer at room temperature for 2 h. After washing three times (15 min each) with 75 ml PVDF buffer, the membranes were incubated for 1 h with donkey anti-rabbit IgG (H+L) secondary antibody conjugate (Promega) diluted 1 : 8000 in PVDF buffer. After washing three additional times with PVDF buffer and twice with TBS [20 mM Tris-HCl (pH 7.5), 150 mM NaCl], the phospho-CaMKII band was detected by a colorimetric method (PerkinElmer, Boston, MA, USA).
The a-CaMKII level was determined using antiCaMKII, a-subunit (Upstate Biotechnology, New York, NY, USA) and anti-mouse IgG, HRP-linked antibody (Cell Signaling, Beverly, MA, USA). After transferring, the membranes were blocked in TBS containing 5 % non-fat dry milk and 0.05 % Tween-20 (TBST-MLK) at 20-25 xC for 20 min with constant agitation, and then incubated overnight with anti-CaMKII (1 : 1000) in TBST-MLK at 4 xC. After washing twice with DW, the membranes were incubated with anti-mouse IgG, HRP-linked antibody (1 : 3000) in TBST-MLK at room temperature with agitation for 1.5 h. They were washed with DW twice and then incubated in TBS 0.1 % Tween-20 for 4 min. After rinsing in 4-5 changes of DW, the CaMKII bands were detected by a colorimetric method (PerkinElmer). The density of the immunoreactive bands was quantified with a Macintosh-based ATTO Image analysis program (version 4.0 ; ATTO). We carefully selected the immunoreactive bands with densities within the linear range of film sensitivity.
Immunohistochemistry
Following decapitation, the intact brain was removed from the skull and quickly frozen using powdered dry ice and stored at x80 xC. Freshly frozen coronal brain sections (15 mm) through the hippocampus were cut using a cryostat, thaw-mounted onto slides and fixed with 4 % paraformaldehyde for 5 min. Sections were washed three times with TBS (PBS 0.1 % Triton X-100) and pre-treated with 10 % H 2 O 2 in methanol to neutralize the endogenous peroxidase activity. The sections were then washed twice in TBS for 10 min and autoclaved in TBS at 95 xC for 15 min. After being blocked in 10 % sheep serum in TBS for 60 min, the sections were incubated overnight at 4 xC with anti-ACTIVE CaMKII pAb (pT 286 ) (Promega) diluted 1 : 500 in 10 % sheep serum in TBS. After washing four times in TBS for 10 min each, the sections were incubated at room temperature for 180 min with goat anti-rabbit IgG (H+L) HRP conjugate (Zymed, San Francisco, CA, USA) diluted 1 : 500 in 10 % sheep serum in TBS. They were then washed four times in TBS for 10 min each and exposed with Dako liquid DAB+substrate chromogen solution (Dako, Carpinteria, CA, USA). The immunohistochemical signal for phosphoCaMKII was detected using a digital video-image analyser (Nikon ACT-1, version 2.00, Tokyo, Japan).
Real-time quantitative polymerase chain reaction (RT-PCR)
Total RNA was extracted using the RNAqueous TM Total RNA Isolation kit (Ambion, Austin, TX, USA) according to the manufacturer's instructions. After treatment with RNase-free DNase I (Takara, Shiga, Japan), a single-stranded cDNA was synthesized using reverse transcriptase (Toyobo, Osaka, Japan). RT-PCR was performed with an ABI7700 sequence detection system [PerkinElmer (PE) Applied Biosystems, Foster City, CA, USA] to quantitate relative mRNA levels in samples. RT-PCR was performed to amplify the mRNA of NR1, NR2A, NR2B and GluR2. The primers and TaqMan hybridization probes were designed using Primer Express software (PE Applied Biosystems). Table 1 shows the sequences and fluorescent dyes of the PCR primers and TaqMan probes for each molecule. The TaqMan probe, which was designed to hybridize to the PCR products, was labelled with a fluorescent reporter dye at the 5k-end and a quenching dye at the 3k-end. PCR was carried out with TaqMan Universal PCR Master Mix (PE Applied Biosystems). All standards and samples were assayed in triplicate. Thermal cycling was initiated with an initial denaturation at 50 xC for 2 min and 95 xC for 10 min. After this initial step, 40 cycles of PCR were performed. Each PCR cycle consisted of heating at 95 xC for 15 s for melting and 60 xC for 1 min for annealing and extention. The PCR assay for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was performed using the TaqMan Rodent GAPDH Control Reagents kit (PE Applied Biosystems).
The mRNA levels of NR1, NR2A, NR2B and GluR2 were detected by RT-PCR (ABI PRISM 7700 sequence detection system) and the ratio of the concentration of the target molecule to that of GAPDH (target molecule/GAPDH) in unknown samples was calculated.
Statistical analysis
Immunoreactive bands were quantified with a Macintosh-based ATTO Image analysis program, version 4.0. The mRNA levels by RT-PCR were calculated with an ABI PRISM 7700 sequence detection system. The data were expressed as mean¡S.E.M.
Data from the three groups in the acute and chronic immobilization stress studies were analysed by oneway ANOVA (Tukeys test for post-hoc comparison). Two-way ANOVA (drugrstress) was performed on the drug treatment and stress exposure data, and posthoc comparisons were performed using Tukey's test. Experiments containing two groups were analysed by unpaired t test. Significance was determined at the level of p<0.05.
Results
Influence of acute immobilization stress on the levels of phospho-CaMKII and CaMKII
The influence of different paradigms of acute immobilization stress on the levels of phospho-CaMKII and CaMKII in the hippocampus was examined by Western blot analysis. In these experiments rats were subjected to a single immobilization stress of either 45-or 90-min duration and sacrificed immediately after the end of the stress session. The phospho-CaMKII levels in the hippocampus were significantly increased in response to acute immobilization stress for 45 or 90 min (Figure 1a) .
In rats which received 90-min immobilization and were then allowed to remain in their home cages for 60 min, there was no significant difference in the phospho-CaMKII levels in comparison with those of the sham group (results not shown). None of the single-immobilization stress paradigms changed CaMKII levels in the hippocampus (Figure 1b) .
To identify the hippocampal cell layers where phospho-CaMKII was expressed and influenced by stress exposure, we examined the influence of immobilization stress on phospho-CaMKII expression by immunohistochemical analysis. In the sham-treated rat, immunohistochemical analysis demonstrated phospho-CaMKII immunoreactivity in the CA1, CA2 and CA3 pyramidal cell layers and dentate gyrus granular cell layers (Figure 2a) . Acute immobilization stress for 45 min markedly increased the levels of phospho-CaMKII immunoreactivity in the CA1, CA2 and CA3 pyramidal cell layers (Figure 2b ). An increase in cellular Ca 2+ level is initially required to induce the phosphorylation of CaMKII. It has been reported that the NMDA receptor, AMPA receptor and L-type voltage-gated Ca 2+ channels play an important role in the regulation of Ca 2+ influx from extracellular sources (Dolmetsch et al., 2001 ; Leonard et al., 2002 ; Pellegrini-Giampietro et al., 1997) . To determine the main pathway involved in the increase in phospho-CaMKII levels induced by acute immobilization stress, we examined the effect of pre-treatment with LY235959, MK-801, NBQX and nimodipine on the stress-induced phosphorylation of CaMKII in the hippocampus.
Two-way ANOVA showed no significant drug effect for LY235959 [F(1, 44)=0.002, p=0.968], a significant effect of stress [F(1, 44)=8.599, p=0.005], and no interaction between LY235959 and stress [F(1, 44)= 0.426, p=0.517], indicating that pre-treatment with LY235959 (5.0 mg/kg) did not affect the increase of phospho-CaMKII levels in response to acute immobilization (Figure 3a) . LY235959 (2.5 mg/kg) pretreatment also had no effect on the stress-induced up-regulation of phospho-CaMKII (results not shown). group (p<0.05, post hoc) (Figure 3b ), demonstrating that NBQX significantly prevented the stress-induced up-regulation of phospho-CaMKII. Immunohistochemical analysis demonstrated that pre-treatment with NBQX attenuated the marked increase in the expression of phospho-CaMKII in response to acute immobilization stress in the CA1, CA2 and CA3 pyramidal cell layers (Figure 2c ), compared with a stressed rat that had not been pre-treated with NBQX ( Figure 2b ). 94.9¡5.5). Nimodipine (2.5 mg/kg) pre-treatment also had no effect on the stress-induced up-regulation of phospho-CaMKII (results not shown).
CaMKII levels were not changed by either drug, stress or both in the hippocampus (results not shown).
Influence of 4-and 14-d repeated immobilization stress on the levels of phospho-CaMKII and CaMKII
During 4-d repeated immobilization stress, rats were subjected to 45-min immobilization stress per day for 4 consecutive days and sacrificed immediately after the end of the stress session on day 4. Western blot analysis revealed that 4-d repeated immobilization stress significantly increased phospho-CaMKII levels, but not CaMKII levels, in the hippocampus (Figure 4a, b) . In the chronic (14 d) study, rats were subjected to repeated immobilization stress (RIS) of 90 min duration per day for 14 consecutive days and sacrificed immediately after the end of the stress session on day 14 (RIS x14). Some rats exposed to repeated immobilization stress were returned to their home cages for 24 h after immobilization on day 13, and then sacrificed on day 14 (RIS x13+24 h). The levels of phospho-CaMKII or CaMKII in the hippocampus were not changed in rats exposed to 14-d chronic immobilization stress compared with the levels in either the sham group or the group sacrificed 24 h after repeated immobilization stress for 13 d (Figure 5a, b) .
Immunohistochemical analysis demonstrated that chronic immobilization stress did not change the expression of phospho-CaMKII immunoreactivity in the CA1, CA2 and CA3 pyramidal cell layers in the hippocampus (results not shown). Influence of acute and chronic immobilization stress on the mRNA levels of NMDA and AMPA receptors Several different stress paradigms, including immobilization, were reported to alter the levels of NMDA and AMPA receptors (Bartanusz et al., 1995 ; Pellegrini-Giampietro et al., 1992 ; Schwendt and Jezova, 2000 ; Zelena et al., 1999) . We therefore used RT-PCR analysis to determine whether acute or chronic immobilization stress changes the mRNA levels of these receptors in the rat hippocampus. In all experiments, rats were sacrificed immediately after the end of the final stress session. Neither acute nor chronic immobilization changed the mRNA levels of NR1, NR2A, NR2B or GluR2 in the hippocampus (Table 2) .
Discussion
Phosphorylation of CaMKII in response to acute stress
The results of the present study demonstrated that phospho-CaMKII levels in homogenates derived from the entire rat hippocampus significantly increased immediately after the 45-and 90-min stress sessions and returned to basal levels 60 min after 90-min immobilization. Our findings differed from those of Blank et al. (2002 Blank et al. ( , 2003 which had shown that the levels of phospho-CaMKII in the mouse CA1 region were decreased immediately after a single immobilization for 60 min and significantly increased 2 h after stress. Although the reason for this difference is uncertain, different experimental conditions such as the region of interest, the method of immobilization, and the effect of NaF in aCSF may account for the difference in the phosphorylation of CaMKII. Several plausible mechanisms by which a single immobilization stress up-regulates the phosphorylation of CaMKII are considered. It is well known that elevation of intracellular Ca 2+ levels induces Ca 2+ -dependent phosphorylation of CaMKII and subsequently leads to autophosphorylation of Thr 286/287 in CaMKII, Ca 2+ -independent activation (Fukunaga Lou and Schulman, 1989) . Since inescapable stress including acute immobilization increases the synaptic levels of glutamate (Duman, 1995 ; Lowy et al., 1993 Lowy et al., , 1995 McEwen and Magarinos, 1997 ; Schwendt and Jezova, 2000) , it is conceivable that the activation of both NMDA and AMPA receptors are involved in the cellular Ca 2+ influx in response to immobilization stress. Fukunaga et al. (1992) reported that treatment with glutamate can produce a longlasting increase in the Ca
2+
-independent CaMKII activity with cultured rat hippocampal neurons, mainly through the NMDA receptor. In contrast, the activation of AMPA receptors mediates fast excitatory synaptic transmission in the CNS, through depolarization of the post-synaptic cells and subsequent removal of the Mg 2+ block in the NMDA receptors (Malenka, 1995 ; Malenka and Nicoll, 1999) . There are also some reports that the AMPA receptor can respond to acute stress (Bartanusz et al., 1995 ; Tocco et al., 1991) and that Ca 2+ -permeable AMPA receptors in the hippocampus play a role in Ca 2+ influx (Gu et al., 1996 ; Pellegrini-Giampietro et al., 1997) . Bartanusz and co-workers (1995) reported an increase of NR1 in the CA1 and CA3, an increase of NR2B only in the CA3 pyramidal layer, and decrease of GluR1 in both CA1 and CA3, 24 h after a single immobilization stress. We did not find any change in the mRNA levels of NR1, NR2A, NR2B or GluR2 in response to a single stress. The discrepancy is probably related to the different regions examined and times of decapitation. The present results show that pre-treatment with NBQX, but not LY235959 or MK-801, inhibited the phosphorylation of CaMKII, suggesting that the phosphorylation of CaMKII in response to acute immobilization may be mediated by AMPA, but not NMDA, receptors in the hippocampus. The increase in intracellular Ca 2+ concentration by the activation of AMPA receptors may play a role in the induction of phosphoCaMKII by immobilization stress.
Influence of chronic immobilization stress on the phospho-CaMKII level
In contrast with both single and 4-d repeated immobilization stress, 14-d chronic immobilization did not affect the levels of CaMKII and phospho-CaMKII in the rat hippocampus. Whereas the results of the present study were consistent with previous findings that chronic psychosocial stress does not affect phospho-CaMKII levels in the rat dentate gyrus (Gerges et al., 2003) , we did not find that chronic stress decreased total CaMKII levels. It is hypothesized that down-regulation of NMDA or AMPA receptors may suppress the induction of phospho-CaMKII by reducing Ca 2+ influx in response to chronic stress. Our findings regarding NR1 mRNA levels were consistent with those of Schwendt and Jezova (2000) . They reported the effect of repeated immobilization stress for 7 d on GluR1. In the present study, we examined GluR2, rather than GluR1, since the AMPA receptor is comprised of four subunits (GluR1-4) (Nakanishi, 1992) and the GluR2 subunit controls the Ca 2+ permeability of the AMPA receptor (Pellegrini-Giampietro et al., 1997) . In our study, we did not find any significant change in the mRNA levels of NR1, NR2A, NR2B nor GluR2 in the hippocampus in response to chronic stress. Therefore, it is unlikely that the downregulation of NMDA or AMPA receptors in response to chronic immobilization stress leads to a decrease in the stress-induced up-regulation of phospho-CaMKII in the hippocampus.
Another tenable hypothesis is that the increase in the activity of protein phosphatases under chronic immobilization stress facilitates dephosphorylation of (Ishida et al., 1998 ; Strack et al., 1997a, b ; Winder and Sweatt, 2001 ). Morinobu and colleagues (In Press) demonstrated that chronic immobilization significantly increased the activity of PP2A in the rat hippocampus. In this context, it is postulated that under repeated stress, the rate of dephosphorylation of phospho-CaMKII in the hippocampus is higher than the rate of phosphorylation of CaMKII.
Phospho-CaMKII in pathophysiology
CaMKII plays an important role in synaptic plasticity such as LTP and LTD related to memory formation including traumatic memories (Charney et al., 1993 ; Krystal, 1990) . CaMKII phosphorylation under stress may be partly associated with the pathophysiology of stress-related disorders, such as post-traumatic stress disorder (PTSD). Further studies to elucidate the mechanism by which the activation of CaMKII and AMPA receptors leads to stress-induced memory alteration may promote our understanding of stressrelated disorders.
